Excessive drinking of alcohol is now widely known to be one of the major lifestyle choices that can affect health. Among the various effects of alcohol drinking, cytogenetic and other genotoxic effects are of major concern from the viewpoint of prevention of alcohol-related diseases. Alcohol is first metabolized to acetaldehyde, which directly causes various types of chromosomal DNA lesions and alcohol-related diseases, and is then further detoxified to the much less toxic metabolite acetate. About 50% of Oriental people are deficient in the aldehyde-dehydrogenase 2 isozyme (ALDH2) that can most efficiently detoxify acetaldehyde. We have performed a series of experiments to investigate how the genetic deficiency in ALDH2 affects the behavioral pattern for alcohol drinking and the sensitivity of peripheral lymphocytes to the induction of chromosome alterations by exposure to alcohol and alcohol-related chemicals. We found great effects of the ALDH2 genotypes on alcohol sensitivity and alcohol-drinking behavior. We also show that lymphocytes from habitual drinkers with the deficient ALDH2 enzyme had significantly higher frequencies of sister chromatid exchanges than those from ALDH2-proficient individuals.
Introduction
Drinking of alcohol is one of the major practices that can cause negative health effects (1) (2) (3) (4) . Among the various effects of alcohol drinking are the cytogenetic and other genotoxic effects, which are of major concern from the viewpoint of prevention This paper was presented at the 2nd International Conference on Environmental Mutagens in Human Populations held [20] [21] [22] [23] [24] [25] August 1995 in Prague, Czech Republic. Manuscript received 22 November 1995; manuscript accepted 28 November 1995.
We thank H. Ogura for her excellent technical assistance. This work was supported in part by of alcohol-related diseases (5) (6) (7) (8) (9) (10) . Alcohol is metabolized to acetaldehyde, which directly causes various types of chromosomal DNA lesions and alcohol-related diseases; it is further detoxified to the less toxic metabolite acetate (11, 12) . Recent studies revealed the existence of genetic deficiency in some enzyme species that can convert acetaldehyde to acetate in the human body (13, 14) . About 50% of Oriental people are deficient in the aldehyde-dehydrogenase 2 isozyme (ALDH2) that can most efficiently detoxify acetaldehyde (12, 14, 15) . It is therefore possible that cells in individuals who are genetically deficient in such an aldehyde dehydrogenase activity might show an elevated level of chromosome alterations if they drink too heavily.
We have performed a series of experiments to investigate how the genetic deficiency in ALDH2 affects the behavioral pattern for alcohol drinking and the sensitivity of peripheral lymphocytes to the induction of chromosome alterations by exposure to alcohol and alcohol-related chemicals. We show here that significantly smaller proportions of individuals who are deficient in ALDH2 are habitual alcohol drinkers than those who are not deficient and that lymphocytes from individuals with the ALDH2 enzyme who are habitual alcohol drinkers have significantly higher frequencies of sister chromatid exchanges (SCE) than those from ALDH2-proficient individuals who drink alcohol everyday.
Methods
Blood samples (2-4 ml) were obtained with informed consent from 424 male and 100 female workers (38.8 ± 11.4 and 33.9 ± 13.3 years of age [mean ± SD], respectively) out of 649 workers in a metal plant in Japan. All subjects were not alcoholic at the time of the investigation. DNA was extracted from 100 pi of white blood cell-rich plasma using an Isoquick kit (MicroProbe, Garden Grove, CA). Exon 12 of the ALDH2 gene was amplified by 30 to 35 cycles of polymerase chain reaction (PCR; 1 min at 94'C, 10 sec at 52'C, and 30 sec at 72'C) in a Perkin-Elmer Cetus (Norwalk, CT) Thermal Cycler. Amplification primers were as previously reported (16) , except that one primer (5'-CCACACTCACAGTTTTCTCTT) contained the substitution of an adenine by a thymine at the underlined portion in order to create a Ksp6321 recognition site (5'-CTCTTC) in the typical allele. PCR products were ethanol precipitated and redissolved in distilled water. The reaction mixture containing PCR products, 2 to 3 units of Ksp6321 (Boehringer Mannheim, Mannheim, Germany), and the reaction buffer was incubated at 370 C for 3 to 6 hr and then ethanol precipitated. Resuspended samples were separated on gels containing 3% NuSieve GTG agarose (FMC Bioproducts, Rockland, ME) and 1% regular agarose (Sigma, St. Louis, MO), stained with ethidium bromide, and photographed on Polaroid Type 667 film.
For DNA hybridization, the PCR procedure was essentially identical to the procedure described above, except that the annealing temperature was 50' C and there were 40 amplification cycles. Amplification primers were the same as described previously (16) . PCR products (5) (6) (7) (8) (9) (10) pl) were treated with alkali and transferred to nylon membranes, which were then baked and hybridized overnight with the 32P-ATP labeled probe (Amersham, Bucks, U.K.), for either ALDH2' (5'-GTTTTCACTTC AGTGTATG) or ALDH22 allele (5'-GTTTTCACTTTAGTGTATG). The membranes were washed three times at room temperature, washed with 1 x SSC (standard saline citrate) containing 0.1% sodium dodecyl sulfate (SDS) for 30 min at 48' C, and exposed to X-ray film overnight.
A rapid and simple screening method for detecting an ALDH2 deficiency is necessary for epidemiological studies in which a large number of subjects will be investigated. The patch test has been used widely for this purpose (17) . Also, we have developed a simple self-administered questionnaire consisting of 13 short questions (18) . We used these two screening methods for detecting the ALDH2 deficiency in this study.
Heparinized peripheral blood samples were obtained from each blood donor. Whole blood cultures were set up according to our standard experimental protocol (19) (20) (21) . Briefly, whole blood (0.2-0.3 ml; final lymphocyte concentration 5 x 105/ml) was added to 5 ml of RPMI 1640 tissue culture medium containing 15% fetal bovine serum and antibiotics. When necessary for differential staining of sister chromatids, the culture medium also contained 20 pM 5-bromo-2'-deoxyuridine (BrdUrd). Proliferation was initiated by adding 3% phytohemagglutinin (PHA-M). Colcemid (2 x 10-7 M) was added usually at the 24th hr and cells were fixed at the 52nd hr after the stain of cultures. In preliminary and concomitant experiments using sister chromatid differential staining of BrdUrd-incorporated chromosomes (19) , we confirmed that these 52 hr cultures contained exclusively first division metaphases. For examining SCEs, cells were cultured in BrdUrd-containing medium for 72 hr and colcemid was added for the last 3 hr.
Results and Discussion
PCR amplification using a mutated primer yielded sufficient products, of which 135 basepairs (bp) were cut into 112 and 23 bp fragments by the restriction enzyme Ksp632I, only in the typical allele (ALDH21) (22, 23 and0.126; df=1,p>0.5).
In males, the frequency of alcohol-associated symptoms such as facial flushing generally increased in the order of typical homozygote, heterozygote, and then atypical homozygote. In females, the differences between the typical homozygote and the heterozygote was similarly significant among most of the symptoms.
Drinking frequency was strongly affected by the ALDH2 genotype, especially in the males. The frequency of those who drank 6 to 7 days/week was significantly lower in the heterozygote than in the typical homozygote and significantly lower in the atypical homozygote than in the heterozygote. The mean amounts of alcohol consumption also increased significantly in the order of atypical homozygote, the heterozygote, the typical homozygote in both sexes; however, the differences among the genotypes were more evident in males than in females.
In our subjects who had kindly given informed consent for cytogenetic investigation, ALDH2 deficiency testing, and lifestyle-information gathering, about 50% [52 and 53% by the patch test and TAST (Tokyo-University ALDH2-Phenotype Screening Test) (18) , respectively] were habitual alcohol drinkers who drank 40 to 50 g of net alcohol per day. Half of the subjects were found to be deficient in ALDH2 determined by the patch test (50%) or TAST screening (52%). We also observed a significant difference in the proportion of ALDH2-deficient persons between habitual and nonhabitual alcohol drinkers (Table 1) . Twenty-six percent of the habitual drinkers were ALDH2 deficient compared to 72% of nonhabitual drinkers. It is noteworthy to realize that about 28% of ALDH2-deficient people who did not drink very much alcohol were screened as habitual drinkers. When baseline and hydroquinoneinduced frequencies of SCE in peripheral lymphocytes were plotted as a function of daily consumption of alcohol, the increasing tendency of SCE was more marked for ALDH2-deficient persons than for nondeficient ones (Tables 2, 3, Figure 1 ). This difference was also observed with the data screened by the patch and TAST tests.
We have already found habitual cigarette smoking to have significant effects on the induction of SCE in peripheral lymphocytes. We thus analyzed the effect of alcohol drinking and ALDH2 deficiency in lymphocytes separately from smokers and nonsmokers. The SCE data from smokers was corrected on the assumption that daily smoking of 20 cigarettes/day caused an increase of 1 SCE/cell, according to our previous finding on the SCE frequency in lymphocytes from smokers (24) . It was generally confirmed that the effect of alcohol drinking on the SCE frequencies was more proficient in ALDH2-deficient lymphocytes than in nondeficient ones, even after controlling the effect of cigarette smoking (Tables 4, 5 ). This general tendency was similarly found in sample subjects screened by the patch test or by the TAST test.
In conclusion, we found great effects of the ALDH2 genotype on alcohol sensitivity and alcohol-drinking behavior. We also found significantly higher frequencies of SCE in the lymphocytes from the ALDH2-deficient habitual drinkers than in those from the ALDH2-proficient individuals who drank every day. Further extensive studies are required to clarify whether the ALDH2 genotype affects the development of alcohol-related health problems such as cancer or cardiovascular diseases. 
